Traditional methods of imaging the Earth's subsurface using seismic waves require an identifiable, impulsive source of seismic energy, for example an earthquake or explosive source. Naturally occurring, ambient seismic waves form an ever-present source of energy that is conventionally regarded as unusable since it is not impulsive. As such it is generally removed from seismic data and subsequent analysis. A new method known as seismic interferometry can be used to extract useful information about the Earth's subsurface from the ambient noise wavefield. Consequently, seismic interferometry is an important new tool for exploring areas which are otherwise seismically quiescent, such as the British Isles in which there are relatively few strong earthquakes. One of the possible applications of seismic interferometry is ambient noise tomography (ANT). ANT is a way of using interferometry to image subsurface seismic velocity variations using seismic (surface) waves extracted from the background ambient vibrations of the Earth. To date, ANT has been used successfully to image the Earth's crust and upper-mantle on regional and continental scales in many locations and has the power to resolve major geological features such as sedimentary basins and igneous and metamorphic cores. Here we provide a review of seismic interferometry and ANT, and show that the seismic interferometry method works well within the British Isles. We illustrate the usefulness of the method in seismically quiescent areas by presenting the first surface wave group velocity maps of the Scottish Highlands using only ambient seismic noise. These maps show low velocity anomalies in sedimentary basins such as the Moray Firth, and high velocity anomalies in igneous and metamorphic centres such as the Lewisian complex. They also suggest that the Moho shallows from south to north across Scotland which agrees with previous geophysical studies in the region.
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artificial energy sources that travel through the Earth, in order to make inferences about Earth's subsurface structure and properties. However ambient seismic noise -seismic waves caused by wind, ocean waves, rock fracturing and anthropogenic activity -also constantly travel through the Earth. Somewhere within its complex wavefield, ambient seismic noise must also contain similar information about the Earth's subsurface. Typically, however, much time and effort is invested in removing this contaminating ''noise'' from seismic data in order to enhance coherent signals. This is because until around 2003 it was not known how to extract the useful subsurface information from the noise. The emergence of seismic interferometry theory (e.g. Wapenaar, 2003 Wapenaar, , 2004 Campillo and Paul, 2003; van-Manen et al., 2005 van-Manen et al., , 2006 van-Manen et al., , 2007 Wapenaar and Fokkema, 2006; Slob et al., 2007; Curtis et al., 2009; Curtis and Halliday, 2010a,b; Wapenaar et al., 2011) allowed us to decode the information contained in the ambient noise wavefield to create a useful signal, in fact an artificial seismogram, from what used to be called noise. This new seismogram can then be used to image the subsurface of the Earth using traditional seismological tomographic or imaging methods.
The field of wavefield interferometry has developed between the domains of physics, acoustics and geophysics, although within the geophysics community it is commonly referred to as seismic interferometry. The use of wavefield or seismic interferometry has increased greatly in recent years and in this time has been applied in many novel ways to retrieve useful signals from background noise sources (e.g. Rickett and Claerbout, 1999; Lobkis and Weaver, 2001; Weaver and Lobkis, 2001; Campillo and Paul, 2003; Shapiro and Campillo, 2004; Sabra et al., 2005a,b; Shapiro et al., 2005; Yang et al., 2006; Draganov et al., 2006; Bensen et al., 2007 Bensen et al., , 2008 Zheng et al., 2008) and active or impulsive sources (e.g. Bakulin and Calvert, 2006; Slob et al., 2007; Lu et al., 2008; King et al., 2010) , for computing or modelling synthetic waveforms (van-Manen et al., 2005 (van-Manen et al., , 2006 , and for noise prediction and removal from data Dong et al., 2006; Halliday et al., 2007 Halliday et al., , 2010 Curtis, 2008, 2009) .
Ambient noise tomography (ANT), a method of using interferometry to image subsurface seismic velocity variations using seismic (surface) waves extracted from the background ambient vibrations of the Earth, allows us to uncover new information about the Earth which is difficult to achieve with traditional seismic methods. For example, stable continental interiors tend to be seismically quiet. If sufficient ambient seismic noise propagates through such an area however, ANT offers us the opportunity to image the Earth's shallow subsurface which would otherwise be difficult to accomplish using local earthquake tomography methods. Some of the most interesting continental regions on Earth are covered by vast areas of water, for example Hudson Bay in Canada. Again, ANT allows us to record information about the subsurface of such areas without the need for expensive oceanbottom seismometer equipment (e.g. Pawlak et al., 2010) . To date, surface wave components of inter-receiver Green's functions have been most successfully reconstructed from ambient seismic noise. Fortunately, many established methods to analyse seismic surface waves are already widely used by surface-wave seismologists. In addition, ANT might be utilized as an important reconnaissance method, preceding more detailed study of an area using traditional controlled or passive source methods.
In this paper we review the theory of seismic interferometry and in particular ambient noise tomography. We then show that artificial or ''virtual'' seismograms can be constructed using noise propagating across southern England. Finally we apply this method to the Scottish Highlands to demonstrate the usefulness of this approach in seismically quiescent areas, such as the British Isles. Earthquakes do occur in Scotland, but they tend to be infrequent and of small magnitude (Baptie, 2010) . Our extensive knowledge of the surface geology of Scotland provides us with many important constraints on its tectonic evolution. However, a lack of local earthquake tomography and detailed wide-angle seismic studies in the region means that its crustal seismic velocity structure is not particularly well constrained compared to some other continental regions. In addition, until the early 2000s only a small number of broadband seismometers were located in Scotland leading to poor station coverage for detailed tomographic studies. Here we apply ANT to a dense, continuously recording network of broadband seismometers that cross many of the major tectonic and terrane boundaries in Scotland. In so doing we traverse approximately 2 billion years of the geological record, from Precambrian basement, through the Caledonian orogeny to Tertiary volcanism associated with the opening of the North Atlantic.
Historical background
The basic idea of the seismic interferometry method is that the so-called Green's function between two seismic stations (seismometers) can be estimated by cross-correlating long time series of ambient noise recorded at the stations. A Green's function between two points may be thought of as the seismogram recorded at one location due to an impulsive or instantaneous source of energy at the other. The importance of a Green's function is that it contains information about how energy travels through the Earth between the two locations. Traditional seismological methods extract such information to make inferences about the Earth's subsurface. Claerbout (1968) proved that it was possible to construct the Green's function from one point on the Earth's surface back to itself (i.e. the Green's function describing how energy travels down into the Earth's subsurface from a surface source, and then reflects back to the same point on the surface) without ever using a surface source. Instead, the Green's function could be constructed by crosscorrelating a seismic wavefield that has travelled from an energy source deep in the subsurface to the same point on the Earth's surface with itself. Claerbout's conjecture, that the same process would work to create seismograms between any two points on or inside the three-dimensional Earth, remained intriguing and unproven for more than twenty years.
The idea was revisited in 1988 when Cole (1988 Cole ( , 1995 attempted to validate Claerbout's conjecture using a dense array of passively recording geophones on the Stanford University campus. Unfortunately Cole was unsuccessful in observing the reflected waves from cross-correlations across the array. The first demonstration of Claerbout's conjecture occured in 1993, although somewhat unexpectedly on the Sun rather than the Earth. Duvall et al. (1993) showed that ''time-versus-distance'' seismograms can be computed between pairs of locations on the Sun's surface by cross-correlating recordings of solar surface noise at a grid of locations measured with the Michelson Doppler Imager. Rickett and Claerbout (1999) summarised the application of noise crosscorrelation in helioseismology and thus conjectured for the Earth that ''by cross-correlating noise traces recorded at two locations on the surface, we can construct the wave-field that would be recorded at one of the locations if there was a source at the other'' (Rickett and Claerbout, 1999) . The conjecture was finally proven mathematically by Wapenaar (2003 Wapenaar ( , 2004 , Snieder (2004) and van-Manen et al. (2005) for acoustic media, by van-Manen et al. (2006) and Wapenaar and Fokkema (2006) for elastic media, and was demonstrated in laboratory experiments by Lobkis and Weaver (2001) , Weaver and Lobkis (2001) , Derode et al. (2003) and Larose et al. (2005) . Thereafter these methods became common practise in seismology. The first empirical seismological demonstrations were achieved by Campillo and Paul (2003) , Shapiro and Campillo (2004) and Sabra et al. (2005a) who showed that by cross-correlating recordings of a diffuse seismic noise wavefield at two seismometers, the resulting cross-correlogram approximates the surface wave components of the Green's function between the two receivers as if one of the receivers had actually been a source. Surface waves travel around the Earth trapped against the surface but vibrating throughout the crust and mantle. It is these waves that are now usually synthesised and analysed by seismic interferometry studies.
Theory and method of seismic interferometry
The theory behind interferometry is relatively straightforward to understand and apply. Consider the situation shown in Fig. 1a . Two receivers (e.g. seismometers) at positions r 1 and r 2 are surrounded by energy sources located on an arbitrary surrounding boundary S. The wavefield emanating from each source propagates into the medium in the interior of S and is recorded at both receivers. The signals recorded at the two receivers are then crosscorrelated. If the cross-correlations from all of the sources are subsequently stacked (added together), the energy that travelled along paths between r 1 and r 2 will add constructively, whereas energy that did not travel along these paths will add destructively. Hence, the resulting signal will approximate the Green's function between r 1 and r 2 , as if one of the receivers had actually been a source (Fig. 1b) (Wapenaar, 2003 (Wapenaar, , 2004 . We therefore refer to this Green's function as a seismogram from a ''virtual'' (imaginary) source at the location of one of the receivers (r 1 ).
The above is for the case where each source is fired sequentially and impulsively. For the case of random noise, one can imagine that a surface S exists such that it joins up all of the noise sources. Since noise sources may all fire at the same, or at overlapping times, their recorded signals at the two receivers are already summed together, hence the stacking step above has already taken place quite naturally. As shown by Wapenaar (2004) for acoustic media, and by van-Manen et al. (2006) and Wapenaar and Fokkema (2006) for elastic media, the inter-receiver Green's function is approximated by the cross-correlation of the noise recordings provided that the noise sources themselves are uncorrelated (i.e. they are independent of each other), the surface S is large (far from the two receivers), certain conditions on the type of noise sources are met, and that the noise is recorded for a sufficiently long time period. While it is usually unclear whether all of these conditions are met in practise, experience shows that the results are nevertheless useful.
In the early applications of seismic interferometry it was recognised that two key conditions of the method were that the wave-fields must be diffuse i.e. waves should propagate from all directions equally, and hence that the sources should entirely surround the medium of interest (Weaver and Lobkis, 2002) , and that both monopolar (e.g. explosive, pressure or displacement) and dipolar (e.g. strain) sources were required on the boundary. Therefore the path to using ambient seismic noise for seismic interferometry was not immediately obvious since the ambient wave-field is not diffuse, the distribution of noise sources around any boundary S tends to be inhomogeneous, and there is no guarantee that the sources are of both monopolar and dipolar nature. Nevertheless, Campillo and Paul (2003) , Shapiro and Campillo (2004) and Sabra et al. (2005a) showed that surface waves, in particular Rayleigh waves (a type of seismic surface wave), could be obtained by cross-correlating ambient seismic noise across the United States. The two conditions of the method can be relaxed for the ambient noise field given first that a long time period of noise can be used, for example a year or more, and second that waves scatter in a very complex manner in the Earth's crust. Thus the azimuthal distribution of recorded noise will tend to homogenise (Campillo and Paul, 2003; . Snieder (2004) also showed that the seismic sources located around the extensions of the inter-receiver path ( Fig. 1c) contribute most to the interferometric Green's function construction, and so a whole boundary of sources is not necessary in order to approximate the inter-receiver Green's function. Finally, Wapenaar and Fokkema (2006) showed that the Green's function could also be approximated using only monopolar sources, provided that these were distributed randomly in space (i.e. provided that the boundary S is rough), or provided that they were (i.e. boundary S was) sufficiently far from either receiver.
Since passive seismic interferometry relies on the geometry of seismic receiver locations only, and requires no impulsive sources like earthquakes in order to obtain useful seismograms (Green's functions), the technique is particularly useful in seismically quiescent areas, for example within the British Isles. Fig. 2a and b) . The Rayleigh waves arrive between 80 s and 120 s after the earthquake's origin time. Soon thereafter, the British Geological Survey installed station TFO very close ($5 km) to the epicentre in order to monitor the aftershock sequence (Fig. 2a) . Fig. 2d . The real and synthesised waves are not exactly the same since the earthquake focus and station TFO are not co-located, the earthquake is itself not exactly impulsive (the rupture takes a significant time to occur) and due to the other theoretical approximations described above. Nevertheless, the similarity between the two seismograms is clear, showing that within the United Kingdom we can obtain real seismograms from virtual energy sources using only recordings of background ambient seismic noise.
The surface-wave parts of inter-receiver Green's functions appear particularly clearly in seismograms constructed from seismic interferometry. This is because strong sources of seismic noise are in general restricted to locations within or on the Earth's crust. Surface waves travel along the interfaces between different layers; within the Earth, they propagate particularly strongly within the crust and upper-mantle. Seismic surface waves can divide into Love waves which have transverse horizontal vibrations (perpendicular to the direction of propagation), and Rayleigh waves which have longitudinal (parallel to the direction of propagation) and vertical motion. Both of these types of surface waves are observable on cross-correlations of ambient seismic noise in the British Isles (Fig. 3) .
Ambient noise tomography
One particularly useful property of surface waves is that they are dispersive: the longer period waves within a packet of surface wave energy have a longer wavelength and hence penetrate deeper into the Earth. Given that seismic velocity generally increases with depth, these longer period waves usually travel faster than the shorter period, and hence shorter wavelength surface waves since these are sensitive to the seismically slower velocities at shallower depths. On a seismogram, it is therefore normal to observe long period surface waves arriving earlier than short period surface waves (Fig. 4 -top) . Surface wave dispersion can be represented as a dispersion curve, which is a plot of the speed of travel of a surface wave versus period. For example Fig. 5 shows typical surface wave velocity dispersion curves for average continental crust. By separating an observed surface wave seismogram, either real or interferometric, into individual periods or equivalently frequencies (typically by applying a narrow band-pass filter centred on each target frequency), we can measure the speed with which energy at each frequency has travelled between an earthquake or a virtual source and a receiver (Fig. 4) .
Since different frequencies are sensitive to properties at different depths, study of surface wave dispersion allows us to infer information about how seismic velocity varies with depth in the Earth (e.g. Dziewonski et al., 1969 Dziewonski et al., , 1972 . Typically, periods below about 20 s are mainly sensitive to crustal structure and properties, and above 20 s are also sensitive to properties of the upper mantle. Inverting surface wave velocities at different periods, measured for many paths within a given region, to obtain models of the Earth's velocity structure with depth is known as surface wave tomography.
In the first applications of surface wave tomography using interferometric surface waves from ambient noise, Shapiro et al. (2005) cross-correlated one month of ambient noise data recorded on EarthScope US-Array stations across California. They measured short-period Rayleigh wave group speeds for hundreds of interreceiver paths and used them to construct tomographic maps of California. The maps agreed very well with the known geology of the region, for example low velocity anomalies are co-located with sedimentary basins such as the San Joaquin Basin, and high velocity anomalies are associated with the igneous mountain ranges such as the Sierra Nevada. Almost simultaneously, Sabra et al. (2005b) produced interferometric surface waves by crosscorrelating 18 days of ambient noise recorded on 148 stations in southern California. The tomographic maps they produced agree well with the known geology and previous seismic studies in the region. Since then, surface wave tomography using interferometric Rayleigh and Love waves, commonly referred to as ambient noise tomography, has become an increasingly employed method to successfully produce subsurface velocity models on regional and continental scales in areas such as the United States (Bensen et al., 2008; Lin et al., 2008; Shapiro et al., 2005; Sabra et al., 2005b; Liang and Langston, 2008) , Australia (Arroucau et al., 2010; Rawlinson et al., 2008; Saygin and Kennett, 2010) , New Zealand (Lin et al., 2007; Behr et al., 2010) , Antarctica (Pyle et al., 2010) , Iceland (Gudmundsson et al., 2007) , China (Zheng et al., 2008; Li et al., 2009; Zheng et al., 2010) , South Africa , Europe (Villaseñ or et al., 2007; Yang et al., 2006) , South Korea (Cho et al., 2007) the Tibetan Plateau (Yao et al., 2006 (Yao et al., , 2008 Li et al., 2009) , and in this paper, Scotland.
Since seismic interferometry does not depend on the location of impulsive sources such as earthquakes, rather only the location of the receivers (which is usually under our control), the resolution of ambient noise tomography in relatively aseismic regions can be greater than that achieved by local surface wave tomography using earthquakes. The British Isles do experience earthquakes but these tend to be fairly small and infrequent (Baptie, 2010) . This limits our ability to perform detailed local earthquake surface wave tomography. Teleseismic earthquakes are recorded on seismometers in the British Isles, however the short period surface waves that are required to image the upper crust tend to be attenuated over the long distances the waves must travel before being recorded. In addition, there is normally some error in the source location of earthquakes, whereas using interferometry we know precisely the locations of our ''virtual'' earthquakes since we choose where to place the seismometers. Background seismic noise tends to be dominated by the primary and secondary oceanic microseisms (around 12-14 s and 6-8 s period, respectively). Other sources of ambient seismic noise include micro-seismic events, wind and anthropogenic noise. Taking into account these aspects of the seismic interferometry method, the characteristics of ambient seismic noise and the limitations on traditional tomography methods in the region, it follows that the British Isles are ideally situated to apply ambient noise tomography.
Ambient noise tomography in the Scottish Highlands
We applied ambient noise tomography to image the subsurface of the Scottish Highlands. The Reflections Under the Scottish Highlands (RUSH-II) network used in this study was a temporary deployment of twenty-four broadband seismometers. Initially deployed in the summer of 2001 in the shape of approximately three linear profiles with a station separation of approximately 15 km, the array forms a 2D array crossing the Great Glen Fault in the Scottish Highlands (Fig. 6) . The main aims of the deployment were to determine the regional extent of major mantle reflectors beneath Scotland and to examine the relationship between any identified upper mantle reflectors and known Palaeozoic lithospheric-scale structures (Asencio et al., 2003) . All twenty-four stations were installed by August 2001 and data was recorded almost continuously (except for a gap of approximately 6 months in 2002) for two-years. Bastow et al. (2007) describe the characteristics of the RUSH-II network in greater detail. A particularly interesting point to note from the Bastow et al. (2007) study was that they had to employ novel stacking techniques to suppress micro-seismic noise that contaminated Knopoff and Chang (1977) . The group velocity is the speed at which the whole group or packet of waves making up the surface wave propagates whereas the phase velocity is the speed at which the phase of one particular frequency within the surface wave travels.
the desired tele-seismic shear wave data. The abundance of ocean derived micro-seismic noise was such a problem because it lay in almost the same frequency range as the tele-seismic shear waves. Therefore the strong micro-seismic noise that propagates across Scotland creates a significant limitation for tele-seismic studies but a considerable opportunity for ANT.
Geology of the Scottish Highlands
For such a small country, the geology of Scotland is incredibly complex. The region is composed of a complicated amalgamation of several terranes (Bluck et al., 1992) , from the Archaean Hebridean terrane north west of the Moine Thrust fault to the Silurian and Ordovician rocks of the Southern Uplands terrane, immediately north of the Iapetus Suture. The region has suffered a turbulent tectonic past and evidence of geological events from every period since the Precambrian can be found imprinted on its $30 km thickness of rock. Fig. 6 shows a schematic summary of the main terranes of Scotland, separated by the major regional unconformities. A thorough description of the geological structure of the Scottish Highlands is given by Trewin (2002) , however we provide a brief summary here.
The remote Hebridean Terrane is bounded to the north by the Outer Hebrides Fault and to the south by the Moine Thrust Zone. This terrane is composed of three principle rock units: (i) the Archaean to Palaeoproterozoic Lewisian Gneisses, overlain unconformably by (ii) Neoproterozoic, fluvial Torridonian sandstones which are in turn overlain by (iii) Cambrian to Ordovician clastic and carbonate marine shelf deposits. The Lewisian basement complex is formed from a variety of gneissose rocks with a very complex history that outcrop extensively on the Outer and Inner Hebrides and along the far north-west coast of the Scottish mainland. The thick (up to 6 km) Torridonian Sandstones were deposited in continental rift valleys or on the forelands of Rodinia, before the opening of the Iapetus Ocean. They outcrop widely in the north-west Scottish mainland and on the islands of Skye, Raasay and Rhum. Additionally, the Torridonian Sandstone subcrop extends as far as the Minch Fault to the west and the Great Glen Fault, 125 km to the southwest of Rhum. The CambroOrdovician shelf deposits are approximately 1 km thick and were deposited on a marine shelf on the passive margin of Laurentia. They lie unconformably on the Torridonian and Lewisian and extend over a distance of approximately 250 km, from the north coast of Scotland to Skye. The Moine Thrust Zone marks the northwest extent of the Caledonides on the British Isles, such that it separates the relatively undeformed foreland of the Hebridean Terrane from the extensively deformed, orogenic hinterland across the rest of the Scotland Highlands. Displacement along the Moine Thrust occurred as a result of NW-SE compression during the Caledonian orogeny (the most significant orogenic event to have affected the British Isles which resulted in the collision of Laurentia, Baltica and Avalonia and the closure of the Iapetus Ocean).
The geology of the Northern Highlands Terrane, bounded by the Moine Thrust to the North and the Great Glen Fault to the south, is dominated by the Caledonian mid to high-grade meta-sedimentary sequences of the Moine supergroup. The supergroup sediments were deposited as sands, silts and muds in a shallow marine environment on the margin of Laurentia and were metamorphosed as a result of the Caledonian orogeny. This event caused tens of kilometres of movement on the Moine Thrust Zone resulting in multiple phases of extensive recumbent folding of the Moine Supergroup. Gneissose inliers outcrop extensively across the Northern Terrane and are thought to represent uplifted sections of the basement complex on which the Moine Supergroup sediments were deposited. Geochemical, lithological and zircon dating studies have concluded that the inliers show similarities to the Lewisian gneisses (Woodcock and Strachan, 2000) and are therefore likely to have similar seismic characteristics. Dextral movement along the Great Glen Fault during the Carboniferous shifted the Northern Highland terrane northwards with respect to the Grampian Terrane. Therefore it may be reasonable to expect a difference in velocity structure across the Great Glen Fault.
The Grampian terrane, bounded by the Great Glen Fault to the north, is dominated geologically by the Dalradian Supergroup. The Dalradian sediments were deposited between $800 and $470Ma, consisting of a wide variety of facies such as rift basin sediments, deep marine turbidites, shallow marine sediments, tidal quartzites and glacial boulder beds. Dalradian sedimentation is thought to have resulted in a total deposited thickness of $25 km. The Grampian terrane was widely metamorphosed during the Caledonian orogeny, where the Dalradian was tightly folded and sheared along predominantly NE-SW striking structures. Following this, younger granites, such as the Cairngorms and Glencoe, were intruded into the Northern and Grampian Highlands, their magmas likely to have originated from a subduction zone plunging northwards beneath Laurentia. It is likely that these large igneous centres have different seismic properties to the surrounding rock and therefore may be observable features of a detailed tomographic study across Scotland. Devonian sediments can be found along the Moray Firth coast and were deposited within the Orcadian Basin, the source material eroded from the surrounding Caledonian Mountains. These sediments are expected to appear as a low velocity anomaly located within seismically faster metamorphic rocks. Hall, 1989, 1990) . During the Carboniferous intense, intra-plate volcanism, associated with crustal reorganisation and thinning due to the Variscan orogeny in the south of England, affected the Midland Valley.
The Southern Uplands terrane lies between the Southern Upland Fault and the Iapetus Suture, a line representing the closure of the Iapetus Ocean due to the collision of Laurentia and Avalonia during the Caledonian orogeny. This terrane is dominated by an imbricate thrust zone of Ordovician and Silurian graywackes and shales, thought to originate as an accretionary prism that formed on the Laurentian margin above the northward plunging subduction zone that closed the Iapetus Ocean. The Southern Upland terrane is outside of our area of interest in this study.
Seismic interferometry across the Scottish Highlands
We have applied the ambient noise tomography method to noise data recorded on all 24 RUSH-II broadband seismometers. We mostly follow the data processing procedure as described in detail by Bensen et al. (2007) which is summarised as follows: first, we cut the continuous noise data into files of 24 h in length, then remove each seismometer's instrumental response, and the mean and linear trends from the day-files. To reduce the amount of storage space and computational time required, the data are then decimated to one sample per second. The next step involves applying time domain normalisation in order to remove the influence of large amplitude events such as earthquakes and other non-stationary noise sources from the subsequent cross-correlation. Bensen et al. (2007) describe various methods of applying time domain normalisation, however we decided that computationally less expensive one-bit normalisation (i.e. only the sign of the signal is retained) was satisfactory for our purposes since the British Isles are more or less aseismic. Finally, the single station day-files are spectrally whitened in order to create more broadband ambient noise records, and to reduce the effect of any monochromatic noise sources inherent in the data.
Cross-correlations are computed for each day between as many station pairs as possible, and the results are then stacked over the total time period available for each pair. Cross-correlations between stations with a separation of less than 50 km are rejected since those between stations that are separated by smaller distances do not produce useful results. Fig. 7 shows typical cross-correlations across the Scottish Highlands. The positive and negative lag times represent energy travelling in opposite directions between the pair of stations. Note that the crosscorrelation functions can be asymmetric around zero delay time. This occurs when the ambient noise travels predominantly in one direction between the stations, and is a common characteristic of British interferometry due to the proximity of the Atlantic Ocean to the West, which is the dominant noise source. For example in Fig. 7b the arriving energy is predominantly on the positive (or causal) part of the cross-correlation, indicating that the ambient noise travelled dominantly in a direction from station STOR towards CAWD, so generally from West to East. Conversely in Fig. 7c the arriving energy is predominantly on the negative (acausal) component therefore the seismic noise travelled dominantly from KYLE towards RANN. Since asymmetry of the cross-correlations is prevalent in the British data and it is not always clear whether the causal or acausal component is better, we use the symmetric-component of the cross-correlation (i.e. the average of its causal and acausal parts) as our estimate of each inter-station seismogram.
A basic property of Rayleigh and Love waves is that they propagate as a series of different fundamental and higher modes, which are related to solutions of their governing wave equations (Aki and Richards, 2002) . We concentrate our efforts on the fundamental modes since they are normally the most easily identified modes in interferometrically constructed surface waves. Once cross-correlations have been computed for a station pair and stacked over time giving an inter-receiver seismogram, a group velocity dispersion curve is estimated for the fundamental mode of the resulting virtual surface wave. A dispersion curve is a plot of the speed of travel of a surface wave versus period which describes the dispersion of each component period in the surface wave, similar to those in Fig. 5 . We do this by applying the multiple phase-matched filter method of Herrmann (2005) . Here, the fundamental mode is isolated from other unwanted arrivals such as those due to higher mode surface waves or high frequency noise using a standard time-frequency filter. Its dispersion properties can then be computed and group velocities for all possible periods, in this case between 5 and 30 s approximately, are picked interactively on a computer.
If the method of ambient noise surface wave estimation is robust, it should be repeatable in time. Therefore, four more estimates of every possible surface wave fundamental mode dispersion curve were picked, where each is constructed by stacking correlations from an equal number of randomly-selected days of noise, and where each individual day can appear in only one random stack. Thus, in total we obtain five completely independent group velocity estimates for each period. The standard deviation of these curves provides an estimate of the uncertainty in the average velocity measurement at each period.
While the output measurement from the multiple phasematched filter step described above is the average group velocity along a raypath, what is actually measured during the above process is the peak arrival time of the wave packet at each individual frequency. Hence, the quantity measured is the average travel-time and its standard deviation. These inter-receiver traveltime uncertainties are used to weight the relative importance of their associated paths in the tomographic inversion.
Rayleigh wave ambient noise tomography
The aim of the tomography step is to estimate the seismic surface wave velocity at different periods across the northwest Scottish Highlands, given the dataset described above which defines only the average velocity between station pairs. Since the travel-time measurements occur along multiple paths, we use an iterative, non-linear inversion method which makes small adjustments to a homogeneous velocity starting model, recalculating the travel-times through this model at each iteration, until the differences between calculated and observed travel-times are acceptably small, subject to regularisation constraints which aim to avoid geologically unrealistic models (Rawlinson and Sambridge, 2005) . We use the FMST tomography package developed by Nick Rawlinson at the Australian National University to perform our Rayleigh wave tomography.
Before a tomographic inversion is performed with real surface wave travel time data, it is important to test how well the geometry of stations and virtual sources might resolve the subsurface structure. This is done by generating known, synthetic velocity models to represent the Earth's subsurface, computing synthetic data for each model, performing tomography on the synthetic data and testing how well the resulting velocity model estimates match the original synthetic Earth models. The method we apply here to test the resolution of our problem is the so-called chequerboard test (e.g. Iyer and Hirahara, 1993) . Synthetic interstation travel-times are calculated using the same station geometry as for the real data, but through a velocity model consisting of a grid of alternating faster and slower velocity cells resembling a chequer board (Fig. 8a) . Uncertainties, in the form of Gaussian noise, are assigned to the synthetic travel times which are then treated as the ''observed'' travel-times to determine the resolving power of the given geometry. Fig. 8 shows the result of a synthetic chequerboard resolution test for the RUSH II stations in Fig. 6 . Fig. 8e shows the recovered solution model for 20 s period. Only ray-paths for which a real travel-time measurement at the specified period exists have their equivalent synthetic travel-time included in the appropriate inversions. Therefore these tests are expected to give a reasonably realistic idea of the resolving power of the real data at each period. Since the data here are calculated between stations, there is no data coverage outside of the area enclosed by the seismometer array, therefore the chequerboard pattern is not resolved there as expected. For the 5 and 12 s tests, the resolution in the area enclosed by the array is excellent, and we conclude that the data coverage here is sufficient to resolve features down to roughly 25 km length-scale and above. For the 20 s test, resolution within the area enclosed by the array is still reasonable, but the smallest chequerboard size that can be recovered well at this period has around 50 km length-scale. This is because the number of well-constrained travel-time measurements decreases with increasing period, hence the ray-path coverage has been significantly depleted by 20 s (Fig. 9) . Note also that some smearing of the chequerboard pattern occurs towards the edges of the resolvable area. Note, however, that the examples given in Fig. 8 are for a best-case-scenario where minimal regularisation is applied. Errors and uncertainties in the real data may require more severe regularisation and hence degrade the resolution further.
Using a 2-D tomography scheme similar to that applied by Rawlinson and Sambridge (2005) , and Rawlinson and Urvoy (2006) as described above, we inverted travel-time datasets for 5, 12 and 20 s period. We chose to use a 7.5 by 7.5 km grid for the inversions since this is much smaller than the minimum length-scale that is resolvable by the data, therefore it will minimise any leakage of true Earth structures at lengthscales smaller than the resolveable feature size (approximately >25 km) into our maps (Trampert and Sneider, 1996) . The starting models were homogeneous, which is not an uncommon practise in seismic tomography, where the velocities were chosen to be the average measured for that period. However, it is worth noting that as with any particular starting model, using a homogeneous model can potentially bias the solution since the solution might represent a locally-best rather than a globally optimal data fit within the model space. Tomographic maps were produced for many different combinations of regularisation parameters and the weighted root mean square of the data residuals was calculated for each map such that
where N is the number of ray-paths, and x i and s i are the traveltime residual and uncertainty associated with a raypath i. The result is a dimensionless number that provides a measure of the normalised misfit of the computed data post-inversion through the Fig. 11 shows surface geology, gravity and aeromagnetic maps of Scotland. 
Discussion
A number of interesting geological features can be identified on the Rayleigh wave maps in Fig. 10 , although they do not all obviously match to the terrane structure of Scotland and geology and geophysical maps in Fig. 11 . Overall, shallow sediments are shown as low velocities and in contrast higher velocities often characterise igneous and metamorphic rocks. In addition, there is a general increase in velocity from south-east to north-west across the Scottish Highlands at all periods.
For the 5 s map, which is sensitive to the shallow upper crust above approximately 8 km depth, low velocity anomalies may be identified in the Midland Valley and Moray Firth sedimentary basins, however it is worth noting that these anomalies occur at the very edges of the area with acceptable resolution. A transition from low to high velocity is observable in the southern highlands, co-located with the Central Dalradian Boundary (Fig. 11c) . A similar transition from higher to lower values can also be observed in this area on the gravity anomaly map of Scotland (Fig. 11b) . Trewin (2002) suggests that there is geological and geophysical evidence for the continuation of the Midland Valley northwards beyond the Highland Boundary Fault, with the true crustal terrane boundary hidden by the Dalradian in the Southern Highlands. Our results also suggest that the true crustal boundary at depth between the Midland Valley and Grampian terranes is located approximately 35 km to the north west of the Highland Boundary Fault.
The low velocity anomaly in the Moray Firth basin extends towards the south west and northwards along the north east coast. This feature correlates with a strong positive anomaly on the aeromagnetic map in Fig. 11a . The low velocities close to the coast can likely be attributed to the thick, sedimentary pull-apart basin in the Moray Firth and to the Devonian sediments situated along the north east coast.
A relatively fast anomaly in the region of Dunmaglass, centred at approximately (À4.48E, 57.28N) southeast of the Great Glen Fault, cannot easily be correlated with features of the surface geology, magnetic or gravity maps. Although its origin is unclear, comparisons with the locations of major faults across Scotland show that the southern and northern margins of the Dunmaglass anomaly appear to be approximately bounded by faults. A strong low velocity anomaly north of the Great Glen Fault correlates reasonably well with the Loch Eil group of the Moine supergroup (Fig. 11c) .
Fast velocity anomalies in the very north west of mainland Scotland are coincident with the old Lewisian rock of the Hebridean terrane and can also be associated with gravity and magnetic anomalies. A slight bulge in the east of the fast velocity anomaly here may be attributed to the Assynt culmination, which can be identified on the surface geology and gravity maps in Fig. 11 . Immediately to the south-east of the Assynt culmination a low velocity anomaly is co-located with the Lairg gravity low (Leslie et al., 2010) , located on the gravity map in Fig. 11b at approximately (À4.58E, 58.08N). One result of movement on thrust faults, such as the Sgurr Beag thrust, throughout the Northern Highlands terrane is that in some areas Lewisian rocks have been uplifted nearer to the surface. Small, high velocity anomalies in the Northern Highlands terrane may be due to some of these features (which may or may not be observable in the surface Geology). For example the isolated fast velocity feature at (À4.78E, 57.58N) is approximately co-located with the Scardroy inlier, a known Lewisian inlier in central Ross-shire. Overall, the 5 s map shows a gradual increase in seismic velocity from south-east to north-west across Scotland.
The 12 s map is sensitive to seismic velocity anomalies down to the mid-crust at around 15 km depth. Low velocity anomalies again coincide with the Midland Valley and the Moray Firth basin. The low velocity region that was observed north of the Great Glen at 5 s period can be seen to extend northwards into the Northern Highlands terrane (Fig. 10b -A. ) and appears to track along the Glenfinnan group, where most of the Lewisian inliers within the Northern terrane are located, terminating immediately north east of the Carn Chuinneag pluton (Fig. 11c) . The western part of the Dunmaglass anomaly is still present at 12 s, however the eastern part appears to have moved and now extends towards the south east. The high velocity anomaly ascribed to the Lewisian complex in the far northwest at 5 s is also present at 12 s.
The 20 s map is sensitive down to a depth of approximately 30 km. Although this map is certainly of lower resolution than those at 5 s and 12 s, a general increase in velocity from south to north can be observed. 30 km depth is consistent with the average crustal thickness in the Scottish Highlands. Therefore the velocity structure here can be explained by a shallowing of the Moho northwards across the region, since the 20 s period surface waves are sensitive to more and more high velocity mantle material towards the north. Interpreted depths of the Moho across Scotland range from 36 km in the Midland Valley to 22 km off Cape Wrath (Trewin, 2002) , and this is also consistent with the results of the LISPB experiments in Scotland (e.g. Bamford et al., 1978; Barton, 1992) . The sharp increase in crustal thickness observed by Di Leo et al. (2009) west of the Moine thrust is not observed in our results.
Conclusions
In this paper we have described the background of seismic interferometry and the ambient noise tomography method. We have shown that seismic interferometry can be used to compute inter-receiver surface waves using ambient noise data recorded in the British Isles and specifically in detail across the Scottish Highlands. This greatly increases the number of potential raypaths along which seismic data are available within the British Isles compared with traditional earthquake and explosive source methods. We have presented the first surface wave group velocity maps of the Scottish Highlands from ambient seismic noise and have shown that they contain useful information about the crust and upper mantle that is consistent with geological features of the region. Ambient noise studies in other parts of the world have inverted for 3-D variations in subsurface structure with depth, produced Love as well as Rayleigh wave tomographic maps, and measured phase velocities in addition to group velocities (Yao et al., 2006; Bensen et al., 2009; Lin et al., 2008 etc.) . Rayleigh wave group speed maps produced for the British Isles from ambient noise so far are promising and we expect more exciting results in the near future. Further work will aim to use Love as well as Rayleigh waves and increase the number of stations used in order to increase the data coverage across the region.
